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AMPT.TFTRR GATN ROOST (TRCT ITTRY AND METHOD 



BACKGROUND OF THE INVENTION 

The invention relates to high-speed CMOS operational amplifiers, and particularly to 
gain boost circuitry that increases amplifier gain without increasing noise and without increasing 



The closest prior art is thought to be represented by commonly assigned U. S. patent 
6,150,883 issued November 2 1,2000 to Ivanov and 6,356,153 issued March 12, 2002 to Ivanov 
et al., both incorporated herein by reference, disclose prior gain boost circuitry. Also, see "The 
CMOS Gain-Boosting Technique" by K. Bult and G. Geelan in "Analog Integrated Circuits and 
10 Signal Processing", Volume I, pp 119-135 (1981). 
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amplifier instability. 



A variety of CMOS current mirror circuits are generally known in art, particularly the 
current mirror which is incorporated within the single stage CMOS amplifier 40A shown in Fig. 
3. That prior art current mirror includes P-channel transistors 4 and 5 and amplifier 16. 
However, the prior art does not disclose use of that current mirror as a gain boost circuit in a 
CMOS differential amplifier as shown in Fig. 3. 

Fig. 1 A shows a conventional CMOS differential amplifier input stage 1 A including two 
differentially connected P-channel input transistors 2 and 3 having their sources connected to a 
tail current source 4. The drain of transistor 2 is connected by conductor 6 to a current mirror 
load circuit including N-channel transistors 4 and 5, the gates of which are connected to 
conductor 6. The sources of transistors 4 and 5 are connected to a low supply voltage V-, and the 
drain of transistor 5 and the drain of transistor 3 are connected by conductor 7 to an output stage 
(not shown). 

Fig. IB shows another conventional CMOS differential amplifier input stage IB in which 
input transistors 2 and 3 are connected as in Fig. 1 A. However, in Fig. IB the drains of input 
transistors 2 and 3 are connected by conductors 6 and 7 not only to N-channel load transistors 8 
and 9, but also to N-channel cascode transistors 10 and 1 1 of a folded cascode circuit which also 
includes current sources 13 and 14. Specifically, conductor 7 is connected to the drain of load 
transistor 8 and to the source of cascode transistor 10, which has its drain connected by 
conductor 12 to the gates of load transistors 8 and 9 and to one terminal of current source circuit 
13. Conductor 8 is connected to the drain of load transistor 9 and the source of casco'de transistor 
1 1, which has its drain connected to output conductor 15 and to current source circuit 14. 



The voltage gain A of both of differential input stages 1 A and IB is given by the 
expression A = g m R out , where R out is the equivalent differential resistance at the drains of the 
differential input transistors 2 and 3. Usually, an output stage (not shown) has a CMOS input 
transistor the gate of which is connected to the output of the differential input stage 1 A or IB. 
5 Therefore, R oul of the differential input stage is dominated by the drain impedances of the 

transistors connected to output conductor 7 of Fig. 1 A or output conductor 15 of Fig. IB. The 
voltage gain of the input stage 1A of Fig. 1 A and the input stage IB of Fig. IB typically is 
roughly 10 to 20, and usually does not exceed 100 (although it is possible for the voltage gain of 
input stage IB of Fig. IB. to be as high as 1000, due to the cascode circuitry.) 

10 To achieve higher voltage gain in single stage differential amplifier circuits including 

folded cascode circuitry such as that shown in Figs. 1 A and IB, gain boost circuits such as those 
disclosed in above mentioned commonly owned patents 6,150,883 and 6,356,153 and the above 
mentioned article by K. Bult and G. Geelan have been provided. Fig. 2 illustrates such a prior art 
differential amplifier input stage including such a gain boost circuit 16, wherein the (+) and (-) 

15 inputs of gain boost amplifier 16 are connected to conductors 7 and 6, respectively. The gate of 
. .cascode transistor 1 1 is connected to the output of gain boost amplifier 16, instead of to V BIAS . If 
the gain boost amplifier is configured as a voltage-input amplifier in the technique shown in Fig. 
2, it introduces stability problems and complicates compensation of the amplifier circuit within 
which the differential amplifier input stage is included. However, if gain boost amplifier 16 is 

20 configured as a current-input amplifier to avoid the instability problem, that introduces additional 
undesirable noise and offset. 
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It should be understood that one skilled in art who desires to increase the gain of the 
differential amplifier shown in Fig. 2 by using the disclosed prior art gain boost technique faces 
several problems. If he/she wishes to use a voltage-input configuration for the gain boost 
amplifier 16, the differential amplifier circuit is likely to be quite unstable and require use of 
5 costly and inconvenient compensation circuitry. However, if he/she wishes to use a current-input 
configuration for the gain boost amplifier 16, that introduces additional undesirable noise and 
offset. In either case, some applications require a much larger voltage gain, e.g. greater than 120 
dB, in which case a more complex multi-stage amplifier must be designed. Stated differently, • 
differential amplifier shown in prior art Fig. 2 can provide only 30-40 dB of gain boost, which is 
10 not enough gain for many applications, and the noise or instability caused by use of the gain 

boost circuit 16 may be unacceptable. In such cases, the only available technique for achieving 
the gain is to provide a multi-stage amplifier, which may be unduly expensive; also, use of 
multiple amplifying stages slows down overall amplifier performance, requires additional 
compensation circuitry, and consumes much more current than a single stage amplifier. 

15 Therefore, there is an unmet need for a circuit technique for increasing the open loop gain 

of a CMOS differential amplifier stage and associated output stage without introducing an 
unacceptable amount of additional noise, without introducing circuit instability and 
corresponding compensation problems, and/or without adding additional main gain stages in the 
signal path. 
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SUMMARY OF THE INVENTION 



Accordingly, it is an object of the invention to provide an inexpensive, high-speed CMOS 
amplifier having a gain boost stage which provides substantially increased amplifier gain without 
introducing of additional noise and which does not cause an unacceptable amount of circuit 
instability and corresponding compensation problems. 

It is another object of the invention to provide an inexpensive, high-speed CMOS 
amplifier having a gain boost stage which provides substantially increased amplifier gain without 
introducing additional noise and which does not cause an unacceptable amount of circuit 
instability and corresponding compensation problems and which renders insignificant any 
changes in amplifier gain caused by changes in a load driven by the amplifier. 

It is another object of the invention to provide circuitry which constitutes a high precision 
current mirror and which can be used to provide increased gain in a CMOS amplifier. 

It is another object of the invention to provide an inexpensive, high-speed CMOS 
amplifier without using multiple amplifying stages in the signal path. 

Briefly described, and in accordance with one embodiment thereof, the invention 
provides a differential amplifier circuit including differentially connected first and second input 
transistors of a first channel type and a folded cascode current summing circuit coupled to a first 
supply voltage rail and including a first cascode transistor and a second cascode transistor both of 
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the second channel type. The'sources of the first and second cascode transistors are coupled to 
drains of the first and second input transistors, respectively. A bias source provides a bias signal 
on gates of the first and second cascode transistors, respectively. A third cascode transistor of 
the second channel type has a source coupled to a drain of the first cascode transistor and a drain 
coupled to a first bias current source. A drain of the second cascode transistor is coupled to a 
second bias current source. A gain boost amplifier has an output coupled to the gate of the third 
cascode transistor, a first input coupled to the drain of the first cascode transistor, and a second 
input coupled to the drain of the second cascode transistor. An output stage can be provided 
including a pull-up transistor of the second channel type coupled between the first supply voltage 
rail and the output terminal, and a second output transistor of the first channel type coupled 
between the second supply voltage rail and the output terminal. A class AB bias circuit can be 
coupled between the gate electrodes of the pull-up and pull-down transistors. 

In another embodiment, the invention provides a differential amplifier circuit including 
first (V-) and second (V+) supply voltage rails, first (V^H-) and second (V^-) input terminals, an 
output terminal, differentially connected first (2) and second (3) input transistors of a first 
channel type and a folded cascode circuit coupled to the first supply voltage rail (V-) and 
including a first cascode transistor (1 1) and a second cascode transistor (10) both of a second 
channel type, sources of the first (1 1) and second (10) cascode transistors being coupled to drains 
of the first (2) and second (3) input transistors, respectively. A first load transistor (8) of the first 
channel type is coupled between the source of the second cascode transistor (10) and the first 
supply voltage rail (V-) and a second load transistor (9) of the first channel type is coupled 
between the source of the first cascode transistor (1 1) and the first supply voltage rail (V-). A 



bias source (V BIAS ) produces a bias signal on gates of the first and second cascode transistors, 
respectively. A gain boost amplifier (16) has a first input (+) coupled to the drain of the second 
cascode transistor (10), a second input (-) coupled to the drain of the first cascode transistor (11), 
and an output coupled to gates of the first (8) and second (9) load transistors. 

In another embodiment, the invention provides a differential amplifier circuit including 
first (V-) and second (V+) supply voltage rails, first (V^-f-) and second (V^-) input terminals, an 
output terminal, differentially connected first (2) and second (3) input transistors of a first 
channel type, and a folded cascode circuit coupled to the first supply voltage rail (V-) and 
including a cascode transistor (1 1) of a second channel type, a source of the cascode transistor 
(1 1) being coupled to a drain of the first input transistor (2). A first load transistor (8) of the first 
channel type is coupled between a first current source (13) and the first supply voltage rail (V-) 
and a second load transistor (9) of the first channel type is coupled between the source of the 
cascode transistor (1 1) and the first supply voltage rail (V-). A bias source (V BlAS ) produces a 
bias signal on a gate of the cascode transistor (1 1). A gain boost amplifier (16) has a first input 
(+) coupled to a drain of the first load transistor (8), a second input (-) coupled to the source of 
the cascode transistor (11), and an output coupled to gates of the first (8) and second (9) load 
transistors. 

In yet another embodiment, the invention provides a differential amplifier circuit 
including first (V-) and second (V+) supply voltage rails, first (V^) and second (V^-) input 
terminals, an output terminal, differentially connected first (2) and second (3) input transistors of 
a first channel type, a first load transistor (8) of the first channel type coupled between a drain of 



the first input transistor (2) and the first supply voltage rail (V-), and a second load transistor (9) 
of the first channel type coupled between a drain of the second input transistor (3) and the first 
supply voltage rail (V-). A gain boost amplifier (16) includes a first input (+) coupled to the 
drain of the first input transistor (2), a second input (-) coupled to the drain of the second input 
transistor (3), and an output coupled to gates of the first (8) and second (9) load transistors. 

The invention also provides a method of operating a differential amplifier circuit (40D) 
which includes first (V-) and second (V+) supply voltage rails, first (V w +) and second (V^-) 
input terminals, and an output terminal (15), differentially connected first (2) and second (3) 
input transistors of a first channel type, and a folded cascode circuit coupled to the first supply 
voltage rail (V-) and including a first cascode transistor (1 1) and a second cascode transistor (10) 
both of a second channel type, sources of the first (1 1) and second (10) cascode transistors being 
coupled to drains of the first (2) and second (3) input transistors, respectively, the sources of the 
first (11) and second (10) cascode transistors also being coupled to a drain of a first load 
transistor (9) and a drain of a second load transistor (8), respectively. The method includes 
boosting the gain of the differential amplifier circuit (40D) without introducing additional 
components into a signal path of the differential amplifier circuit by providing local feedback 
representative of an output voltage (15) of the differential amplifier circuit to gates of the first (9) 
and second (8) load transistors by coupling a drain of a third cascode transistor (33) of the second 
channel type to a current source circuit (13) and coupling a source of the third cascode transistor 
(33) to a drain of the second cascode transistor (10), coupling a drain of the third cascode 
transistor (33) to gates of the first (8) and second (9) load transistors, and driving a gate of the 
third cascode transistor (33) by means of a gain boost amplifier (16) having a first input (+) 

8 



coupled to the drain of the first cascode transistor (11) and a second input (-) coupled to the drain 
of the second cascode transistor (10), to accomplish the function of increasing the output 
impedance of the differential amplifier circuit (40D). 



In another embodiment, the invention provides a method of operating a differential 
5 amplifier circuit (40E) which includes first (V-) and second (V+) supply voltage rails, first (V^+J 
and second (V^-) input terminals, and an output terminal (15), differentially connected first (2) 
and second (3) input transistors of a first channel type, and a folded cascode circuit coupled to 
the first supply voltage rail (V-) and including a first cascode transistor (1 1) and a second 
cascode transistor (10) both of a second channel type, sources of the first (11) and second (10) 

10 cascode transistors being coupled to drains of the first (2) and second (3) input transistors, 

respectively, the sources of the first (1 1) and second (10) cascode transistors also being coupled 
to a drain of a first load transistor (9) and a drain of a second load transistor (8), respectively. 
The method includes boosting the gain of the differential amplifier circuit without introducing 
additional components into a signal path of the differential amplifier circuit by providing local 

1 5 feedback representative of an output voltage (15) of the differential amplifier circuit to gates of 
the first (9) and second (8) load transistors by coupling a first input (-) of a gain boost amplifier 
(16) to a drain of the first cascode transistor (11), and coupling a second input (+) of the gain 
boost amplifier (16) to a drain of the second cascode transistor (10), and coupling an output of 
the gain boost amplifier (16) to gates of the first (9) and second (8) load transistors to drive the 

20 first (9) and second (8) load transistors so as to accomplish the function of increasing the output 
impedance of the differential amplifier circuit (40E). 
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In another embodiment, the invention provides a method of operating a differential 
amplifier circuit (100E) which includes first (V-) and second (V+) supply voltage rails, first 
(V[n + ) and second (V^-) input terminals, and an output terminal, differentially connected first 
(2) and second (3) input transistors of a first channel type, and a folded cascode circuit coupled to 
5 the first supply voltage rail (V-) and including a first cascode transistor (1 1) and a second 

cascode transistor (10) both of a second channel type, sources of the first (11) and second (10) 
cascode transistors being coupled to drains of the first (2) and second (3) input transistors, 
respectively, the sources of the first (11) and second (10) cascode transistors also being coupled 
to a drain of a first load transistor (9) and a drain of a second load transistor (8), respectively. 

10 The method includes boosting the gain of the differential amplifier circuit without introducing 
additional components into a signal path of the differential amplifier circuit by providing local 
feedback representative of an output voltage of the differential amplifier circuit to gates of the 
first (9) and second (8) load transistors by coupling a first input of a gain boost amplifier (16) to 
the source of the first cascode transistor (11), and coupling a second input of the gain boost 

15 amplifier (16) to the source of the second cascode transistor (10), coupling a drain of the second 
cascode transistor (10) to gates of the first (9) and second (8) load transistors, and coupling an 
output of the gain boost amplifier (16) to a gate of the second cascode transistor (10) to cause the 
drain of the second cascode transistor (10) to drive the gates of the first (9) and second (8) load 
transistors so as to accomplish the function of increasing the output impedance of the differential 

20 amplifier circuit. 

In another embodiment, the invention provides a method of operating a differential 
amplifier circuit (40A) which includes first (V-) and second (V+) supply voltage rails, first 
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(Vin + ) an( i second (V^-) input terminals, and an output terminal, differentially connected first 
(2) and second (3) input transistors of a first channel type, sources of the first (2) and second (3) 
input transistors being coupled to the drain of a first load transistor (4) and a drain of a second 
load transistor (5), respectively. The method includes boosting the gain of the differential 
amplifier circuit by providing local feedback representative of an output voltage of the 
differential amplifier circuit to gates of the first (8) and second (9) load transistors by coupling a 
first input (+) of a gain boost amplifier (16) to a drain of the first load transistor (4), and coupling 
a second input (-) of the gain boost amplifier (16) to a drain of the second load transistor (5), and 
coupling an output of the gain boost amplifier (16) to gates of the first (4) and second (5) load 
transistors to drive the first (4) and second (5) load transistors so as to accomplish the function of 
increasing the output impedance of the differential amplifier circuit. 

In yet another embodiment, the invention provides a current mirror circuit including a 
supply voltage rail (V+), an input terminal (29), an output terminal (15 A), a first transistor (10A), 
a second transistor (1 1 A), a third transistor (8A) coupled between a source of the first transistor 
(10A) and the supply voltage rail (V+), and. a fourth transistor (9 A) coupled between a source of 
the second transistor (1 1 A) and the supply voltage rail (V+). A first bias source (V BIAS2 ) 
produces a bias signal on gates of the first and second transistors. A fifth transistor (3 3 A) has a 
source coupled to a drain of the first transistor (10A) and a drain coupled to the input terminal 
(29), a drain of the second transistor (1 1A) is coupled to the output terminal (15 A), a second bias 
source (V BIAS2 a) coupled to gates of the third (8 A) and fourth (9A) transistors. An amplifier (16) 
has a first input (-) coupled to the drain of the second transistor (1 1 A), a second input (+) coupled 
to the drain of the first transistor (1 OA), and an output coupled to a gate of the fifth transistor 
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BRTF.F DESCEJEIIQN OF IHE DRAWINGS 

Fig. 1 A is a schematic diagram of simple prior art CMOS differential input stage. 



Fig. IB is a schematic diagram of a simple prior art CMOS differential input stage 
including folded cascode circuitry. 

Fig. 2 is a schematic diagram of a simple prior art CMOS differential input stage coupled 
to folded cascode circuitry and including a gain boost amplifier. 

Fig. 3 is a schematic diagram of a simple CMOS differential input stage including a gain 
boost amplifier according to the present invention. 

Fig. 4A is a schematic diagram of an implementation of the CMOS differential input 
stage of Fig. 3 wherein the gain boost amplifier receives a differential voltage input signal. 

Fig. 4B is a schematic diagram of an implementation of the CMOS differential input 
stage of Fig. 3 wherein the gain boost amplifier receives a differential current input signal. 

Fig. 5 A is a schematic diagram of a CMOS differential amplifier stage coupled to a 
folded cascode circuitry of the present invention including improved gain boost amplifier 
circuitry. 
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Fig. 5B is a schematic diagram of an implementation of the CMOS differential input 
stage of Fig. 5 A wherein the gain boost amplifier receives a differential voltage-input signal. 

Fig. 5C is a schematic diagram of a CMOS differential amplifier stage coupled to another 
folded cascode circuit of the present invention including improved gain boost amplifier circuitry. 

Fig. 5D is a schematic diagram of an implementation of the CMOS differential input 
stage of Fig. 5C wherein the gain boost amplifier receives a differential current input signal. 

Fig. 5E is a schematic diagram of another CMOS differential amplifier stage coupled to 
folded cascode circuitry including gain boost amplifier circuitry. 

Fig. 6 is a schematic diagram showing implementations of the CMOS differential 
amplifier stage of Fig. 5 A in a rail-to-rail operational amplifier. 
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DETAILED DESCRIPTION OF THE PREFERRED EMB ODTlVf ENTS 



Referring to first to Fig. 3, differential amplifier input stage 40A includes P-type input 
transistors 2 and 3 having their sources connected by conductor 1 8 to one terminal of constant . 
current source 4, the other terminal of which is connected to V+. The drain of transistor 2 is 
connected by conductor 6 to the drain of N-channel load transistor 4 and the (+) input of a gain 
boost amplifier 16. The drain of transistor 3 is connected by conductor 7 to the (-) input of gain 
boost amplifier 16 and to the drain of N-channel load transistor 5. The output of gain boost 
amplifier 16 is connected by conductor 19 to the gates of transistors 4 and 5, the sources of 
which are connected to V-. Conductor 7 typically applies the single-ended output 7 of 
differential amplifier input stage 40A to a suitable output stage (not shown). A voltage-input 
implementation of gain boost amplifier 16 is shown in Fig. 4 A, and a current-input 
implementation of gain boost amplifier 16 is shown in Fig. 4B. The signal path from V^* and 
v in" t0 v out in differential input stage 40 A passes through input transistors 2 and 3, gain boost 
amplifier 16, and the gate and drain of load transistor 5. Thus, gain boost amplifier 16 is in the 
signal path of differential input stage 40A. The voltage gain of differential input stage 40A is 
equal to the transconductance of the pair of input transistors 2 and 3 multiplied by the parallel 
combination of equivalent impedance at the output of current mirror 4,5 and the impedance at the 
drain of transistor 3. Gain boost amplifier 16 ensures that the output impedance of the current 
mirror 4,5 is very high, because the voltages of conductors 6 and 7 are forced to be nearly equal. 
Consequently, assuming that the load impedance connected to conductor 7 is high, the utilization 
of gain boost circuit 16 within differential input stage 40A as shown provides increased voltage 
gain. 
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In Fig. 4A, an operational amplifier 100A in includes differential amplifier input stage 
40B with its single-ended output 7 connected to the input of output stage 30. A voltage-input 
implementation of gain boost amplifier 16 in differential amplifier input stage 40B is designated 
by reference numeral 16 A, and includes differentially coupled P-channel input transistors 22 and 
5 23 having their sources coupled by tail current source 20 to V+ and their gates connected to 

conductors 6 and 7, respectively. A suitable output stage 30 has an input connected to conductor 
7 and produces V 0UT . (The well-known output stage shown in above-mentioned patent 
6,150,883 and also shown in Fig. 6 herein can be used as output stage 30.) N-channel transistors 
24 and 25 constitute a conventional current mirror load circuit. The drain of transistor 22 is 
10 connected to the drain and gate of load transistor 24 and the gate of transistor 25, and the drain of 
transistor 23 is connected by conductor 19 to the gates of load transistors 4 and 5 and the drain of 
transistor 25. The sources of current mirror load circuit transistors 24 and 25 are connected to V- 

In Fig. 4B, a current-input implementation of gain boost amplifier 16 in Fig. 3 is 
designated by reference numeral 16B, and includes differentially connected P-channel input 

15 transistors 22 and 23 having their sources connected to conductors 6 and 7, respectively. The 
gate of transistor 22 is connected by conductor 28 to the gate and drain of transistor 23 and to a 
current source load circuit 27. The drain of transistor 22 is connected by conductor 19 to the gate 
of load transistors 4 and 5, and to one terminal of current source load circuit 26. The other 
terminals of current source load circuits 26 and 27 are connected to V-. The operational 

20 amplifier obtained by combining differential amplifier input stage 40C and output stage 30 is 

designated by reference numeral 100B. The differential amplifier input stage circuits of Figs. 3, 
4A and 4B do not include folded-cascode circuitry, so single-supply operation is not practical. 
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However, these circuits consume less current than differential amplifier input stage circuits 
including folded-cascode circuitry, and can be used as internal amplifiers within other amplifier 
circuitry. Also, the differential amplifier input stage circuits of Figs. 3, 4 and 4B provide more 
gain than prior art circuits of Figs. 1A, IB and 2. 

5 Referring to Fig. 5 A, an operational amplifier 100C includes a CMOS differential 

amplifier input stage 40D and an output stage 30. The CMOS differential amplifier input stage 
40D includes P-channel input transistors 2 and 3 coupled to folded cascode circuitry and gain 
boost circuitry, and applies a single-ended output on conductor 15 to an input of output stage 30 
to produce V 0UT in response to V^h- and V^-, which are applied to the gates of transistors 2 and 

10 3, respectively. Note that if output stage 30 is an inverting output stage (as shown in Fig. 6) then 
V^h- and V^- are applied to the gates of input transistors 2 and 3, respectively, as shown. 
However, if the output stage 30 is a non-inverting stage, then the coupling of V^-f and V^- to 
input transistors 2 and 3 shown in Fig. 5 A should be reversed.) The drains of input transistors 2 
and 3 are connected by conductors 6 and 7 to the drains of N-channel load transistors 9 and 8. 

15 respectively, as in Prior Art Fig. 2. (Note that load transistors 8 and 9 are generally considered to 
be part of the folded cascode circuit.) N-channel cascode transistors 10 and 1 1 have their sources 
connected to conductors 7 and 6, respectively and their gates connected to V BIAS . The drain of 
cascode transistor 1 1 is connected by conductor 15 to the (+) input of gain boost amplifier 16, to 
the input of output stage 30, and to one terminal of current source 14, the other terminal of which 

20 is connected to V+. 



The output of gain boost amplifier 16 is connected by conductor 34 to the gate of a third 
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N-channel cascode transistor 3 3, the source of which is connected by conductor 35 to the drain of 
cascode transistor 10 and to the (-) input of gain boost amplifier 16. The drain of cascode 
transistor 33 is connected by conductor 29 to one terminal of a level shift circuit 31 and to one 
terminal of a current source circuit 13, the other terminal of which is connected to V+. The other 
terminal level shift circuit 31 is connected by conductor 12 to the gates of load transistors 8 and 
9, the sources of which are connected to V-. Level shift circuit 31 provides "head room" for the 
third cascode transistor 33, so that its drain-to-source voltage is greater than 0 while an 
appropriate voltage is being applied to the gates of load transistors 8 and 9. (Note that the 
amount of headroom trades-off directly with the minimum required operating voltage, where the 
operating voltage is defined here as V 0P = (V+) - (V-). (More headroom offers a wider voltage 
range on conductor 1 5 but requires higher V 0P . Less headroom allows lower V op , critical for 
low supply voltage applications, at the expense of less voltage range on conductor 15, i.e., output 
stage drive.) The signal path from V^h- and V^- to V 0UT in differential input stage 40D passes 
through the gates and drains of input transistors 2 and 3 and through cascode transistors 10 and 
1 1, so gain boost amplifier 16 is not in the signal path. The amplifier of Fig. 5 A has the 
advantages of increased gain and improved stability over the prior art circuits. When the voltage 
of conductor 15 increases, gain boost amplifier 16 operates to increase the gate voltage of 
transistor 33 to keep the voltage on conductor 35 equal to the voltage on conductor 15. That 
means the output current of the folded cascode circuitry through the drain of cascode transistor 
1 1 is determined by current source 13 and the difference between the input currents, i.e., the 
drain currents of transistors 2 and 3, as long as the combination of transistor 33 and gain boost 
amplifier 16 has sufficiently high gain, so the output impedance of folded cascode circuitry 
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remains very high. The circuit of Fig. 5A operates to make the drain terminals of both of the 
cascode transistors 10 and 1 1 in the folded-cascode stage track in the presence of changing 
output voltage on conductor 15. The voltage on conductor 35 is forced to track the voltage on 
conductor 15 via the control loop including gain boost amplifier 16 and cascode transistor 33. 
Hence, the drain-to-source- voltages of cascode transistors 33 and 1 1 track as the output voltage 
on conductor 15 is driven. In contrast, this concept is not present in prior art. For example, in 
Fig. IB, the voltage on conductor 12 is fixed while the voltage on conductor 15 is connected to 
the output stage and therefore is variable. Consequently, the drain-to-source- voltages of 
transistors 10 and 1 1 differ as the output voltage is driven. 

Hence, a cuirent-mirror-like arrangement that provides an extremely high output 
impedance is at the core of the present invention. The application of this current-mirror-like 
arrangement in a folded-cascode amplifier stage provides extremely high gain and can be made 
to operate at high speed by using of minimum channel length transistors 10 and 11, which are 
acceptable because of the increased gain achieved by use of the boost circuit 16 as shown. To go 
further, the use of an extremely high gain folded-cascode amplifier stage in a two stage amplifier 
topology provides a compact, i.e. low cost, high speed amplifier capable of maintaining high 
gain for a very wide range of resistive loads. 

Fig. 5B shows operational amplifier 100C of Fig. 5 A with a voltage-input 
implementation of gain boost amplifier 16 including N-channel input transistors 22 and 23 with 
their sources coupled to V- by a tail current source 20 and their drains connected to a P-channel 
current mirror load circuit including transistors 24 and 25. The drain of transistor 22 is 
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connected by conductor 34 to the gate of third cascode transistor 33 and to the drain of load 
transistor 24. The gate of transistor 22 is connected to conductor 35 . The drain of transistor 23 
is connected to the gate and drain of load transistor 25 and to the gate of load transistor 24. The 
gate of transistor 23 is connected to the output conductor 15 of differential amplifier stage 40D. 
Level shift circuit 31 of Fig. 5 A is implemented in Fig. 5B by means of source follower transistor 
31 A and diode-connected transistor 3 IB and a bias current source coupled series between V+ 
and V- as shown. This configuration requires a minimum operating voltage, V 0P(MIN) = V GS(8 9) + 
Vgsoib) + v gs(3ia) + v dsat ( i3)> where V dsat(i3) is the saturation voltage of the real current source 
symbolized by 13. Alternatively, if transistors 8 and 9 are sized such that their V CS(8 9) > (V Dsal(8) 
+ V Dsat(io) + V Dsat(33> + AV 15 ), where V GS(8 9) is the voltage at the gates of transistors 8 and 9 and 
AV 15 , is a small but acceptable range of voltage swing on conductor 15, then the level shift 
circuit block in Fig. 5A can be realized by a wire, i.e. shorting conductors 29 and 12 and V op(NnN) 
can be reduced. Note that while a current-input implementation of gain boost amplifier 16 of 
Fig. 5 A could be provided, there is no need to do so because the differential input stage 40D 
shown therein is very stable. 

Fig. 5C shows an operational amplifier 100D including a differential folded cascode input 
stage 40E driving output stage 30. Gain boost amplifier 16 has a (+) input connected to the drain 
of cascode transistor 10 and one terminal of current source circuit 13, the other terminal which is 
connected to V+. The (-) input of gain boost amplifier 16 is connected by conductor 15 to one 
terminal of current source 14 and to the drain of cascode transistor 11. The output of gain boost 
amplifier 16 is connected to the gates of N-channel load transistors 8 and 9. The signal path 
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from V^H- and V w - to V 0UT in differential input stage 40E passes thfough the gates and drains of 
input transistors 2 and 3 and the source and drain of cascode transistor 1 1 to conductor 15, and 
therefore does not pass through gain boost amplifier 16. The differential input stage 40E of Fig. 
5C does not require use of the level shift or 31 of Fig. 5 A and therefore can be used with lower 
amplitude supply voltages than the circuit of Fig. 5 A. The differential input stage 40C of Fig. 5C 
also has substantially greater gain then the prior art circuits shown in Fig. 2. 

Fig. 5D shows operational amplifier 100D of Fig. 5C with a current-input implementation 
of gain boost amplifier 16 including differentially connected P-channel input transistors 22 and 
23 having their sources connected conductor 35 and 15, respectively. The gate of transistor 22 is 
connected to the gate and drain of transistor 23. The drain of transistor 22 and 23 are coupled to 
V- by current load circuits 26 and 27, respectively. The drain of transistor 22 is connected to the 
gates of load transistors 8 and 9. (Note that use of a current-input rather than a voltage-input 
implementation, of gain boost amplifier 16 substantially improves the circuit stability, but at the 
cost of an increased amount of noise.) 

Fig. 5E shows an operational amplifier 1 00E including a current-input implementation of 
gain boost circuit 16 that is similar to the circuit in Prior Art Fig. 2 except that the output of gain 
boost amplifier 16 is connected to the gate of cascode transistor 10 rather than cascode transistor 
11. However, in the circuit of Prior Art Fig. 2 the signal path includes the gain boost amplifier. 
In contrast, in the circuit of Fig. 5E the signal path from V w + and V w - to V 0UT in the differential 
input stage passes through the gates and drains of input transistors 2 and 3 and the source and 
drain of cascode transistor 1 1 to conductor 15, and therefore does not pass through gain boost 
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amplifier 16. Consequently,. the principles of operation of the circuit of Fig. 5E are very different 
from the circuit of Prior Art Fig. 2. 

Fig. 6 is a schematic diagram showing a typical implementation of the CMOS differential 
amplifier stage of Fig. 5 A that is included in a rail-to-rail operational amplifier 100F. In Fig. 6, 
5 the differential input stage 40D shown in Fig. 5 A is shown along with a mirror image thereof, 
and in output stage including a class AB bias stage, a P-charmel pull-up transistor, and a N- 
channel pull-down transistor connected and shown to provide a rail-to-rail operational amplifier. 
Although not illustrated in Fig. 6, the rail-to-rail operational amplifier circuit needs bias circuitry 
to bias the upper and lower current mirrors in the folded cascode circuitry. The bias circuitry can 
10 be essentially the same as shown by reference 49 in above mentioned commonly owned patent 
6,150,883 to provide a bias voltage V BIAS2A on the gates of transistors 8 A and 9A. As another 
alternative, the "floating" current source disclosed in U.S. patent 5,31 1,145 issued May 10, 1984 
to Huijsing et al. could be used. 

It should be noted that in a general sense, this invention includes a very high precision 
15 current mirror which, when incorporated into an amplifier topology as described, provides an 

amplifier having properties which satisfy the aforementioned unmet needs. For example, in Fig 
5A the circuitry including NMOS transistors 33, 10, 1 1, 8, 9 and amplifier 16 connected as 
shown can be considered to constitute a stand-alone high precision current mirror. (However, the 
current mirror has limited output voltage range that limits its useful as a stand-alone current 
20 mirror.) 
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Similarly, the portion .of the circuitry in Fig. 6 including PMOS transistors 33 A, 10A, 
1 1 A and amplifier 160 can be considered to constitute a stand-alone high precision current 
mirror. In that case, the control loop including amplifier 160 and transistors 33 A force the drain 
voltages of transistors 10A and 1 1 A to track, thereby providing very high differential output 
5 impedance and matching output currents in the drains of transistors 10A and 1 1 A. 

As indicated earlier, the open-loop gain of a multi-stage amplifier can be viewed as the 
product of the gains of each stage within the amplifier. The gain of each stage can be expressed 
as A = g m R our In the case of the final stage or output stage, the overall amplifier gain is load- 
dependant because = R LOA d- The gain of prior stages, if large enough, can render the 
10 change in output stage gain due to change in load conditions insignificant compared to the open- 
loop gain. When a two stage topology is implemented, it is very difficult to achieve enough gain 
in the first stage to render the change in output stage gain due to changing load conditions 
insignificant. However, this difficult objective is achieved by adding the gain boost of the 
present invention to the first stage. 

15 Thus, the described invention boosts the voltage gain of a differential amplifier input 

stage without reducing its operating speed and without any penalty of increasing noise in the 
amplifier, by introducing local feedback which is not part of the signal gain path to increase the 
equivalent output impedance of the differential amplifier. 

While the invention has been described with reference to several particular embodiments 
20 thereof, those skilled in the art will be able to make the various modifications to the described 
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embodiments of the invention without departing from the true spirit and scope of the invention. 
It is intended that all elements or steps which are insubstantially different or perform 
substantially the same function in substantially the same way to achieve the same result as what 
is claimed are within the scope of the invention. 
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